Abstract: Graphene has excellent mechanical, thermal, and electrical properties. Graphene can serve as potential reinforcement in polymer-based nanocomposites. In order to achieve this goal, graphene has to be distributed homogeneously and dispersed throughout the polymer matrix, establishing a strong interface with the polymer. Solution mixing is an interesting method for the preparation of homogeneous nanocomposites, in particular when using environmentally friendly solvents such as water. The major difficulty met in the production of graphene/polymer composites concerns the preparation and stabilization of graphene in aqueous suspension. In the present work three different graphite-based materials, with different crystallinity and purity grades, were exfoliated in aqueous solution of an amphiphilic pyrene derivative, forming few-layer graphene (FLG). The FLG prepared was dispersed in waterborne polyurethane (WPU) to produce composite films. The composite films were produced by solvent casting and spray coating, forming free-standing films that were characterized in terms of its distribution of FLG through the composite, its permeability to water vapor, its electrical resistivity, and its mechanical properties. The studies demonstrated the influence of different factors on the composite film properties such as the use of graphite vs. FLG, the FLG lateral dimensions, and the FLG composition and composite preparation method.
Introduction
Polyurethane (PU) is a versatile polymer with a wide range of applications. It has been extensively used as paints, adhesives, and coatings in the fields of construction, textiles, footwear, furniture, packaging, electronics, automotive, and aerospace, among others [1] [2] [3] [4] [5] [6] [7] [8] . Most research performed with the focus on coating and adhesive applications use solvent-borne polyurethane. The use of organic solvents that are released to the atmosphere during the drying stage cause pollution and health problems, and thus alternative solutions are under development. Waterborne polyurethane (WPU) is an eco-friendly alternative to solvent-borne PU, which involves only water during the drying stage [9] . Furthermore, WPU typically presents excellent elasticity, abrasion resistance, and flexibility [1, [9] [10] [11] . However, some of the properties of WPU such as its water resistance, thermostability, and mechanical properties are inferior to those of solvent-borne PU. Graphene has emerged as an interesting reinforcement candidate because of its extraordinary thermal, mechanical, and electronic properties [12] . The incorporation of graphene [13] and reduced graphene oxide [14] [15] [16] in a WPU matrix has been reported to improve the electrical, thermal, mechanical, and barrier properties of its nanocomposites. However, these nanomaterials tend to agglomerate through van der Waals interactions that may compromise their good dispersion in the polymer matrix. The surface modification of graphene provides an effective means of introducing specific functionalities that will enhance its compatibility and dispersion into polymer matrices. Graphene oxide (GO) has been used to produce well-dispersed WPU/GO nanocomposites with enhanced physical properties [17] [18] [19] [20] [21] [22] . The oxygen groups on GO provide sites for further chemical reactions. The modification of GO with isophore diidocyanate (IPDI) and octadecylamine (ODA) [23] , titane coupling agent [24] , 3-aminopropyl triethoxysilane (APTES) [25, 26] , and hydramines (MEA-monorthanolamine, DEA-diethanolamine and TEA-triethylamine) [27] has been reported to improve the compatibly with a WPU matrix. The applications of graphene (pristine, oxidized, or functionalized)/WPU composites as electromagnetic interference (EMI) shielding devices [28] [29] [30] [31] [32] , textiles [33, 34] , anticorrosives [24, [35] [36] [37] [38] , and flame retardant coatings [39] have also been studied.
In the present work, graphite materials with different crystallinity and purity grades were exfoliated in an aqueous solution of a pyrene derivative to produce few-layer graphene (FLG). The FLG were, thus, dispersed in waterborne polyurethane (WPU) to produce composite films. Free standing composite films were formed by solvent casting and spray coating, and they were characterized for their distribution of FLG through the composite, their permeability to water vapor, and their electrical resistivity and mechanical properties. The studies allowed an assessment of the effect of graphite exfoliation, FLG morphology and its composition, on the composite film properties.
Materials and Methods

Materials
Graphite and graphite nanoplatelets were purchased from three different suppliers: (i) GnPC was purchased from XGSciences, Lansing, MI, USA, and was delivered as graphene with a lateral size distribution ranging from very small (100 µm) to relatively large flakes (1-2 µm), an average thickness of approximately 2 nm, a typical average surface area of 750 m 2 /g, and approximately 7 atom% of oxygen; (ii) Micrograf HC11 was provided by Nacional de Grafite, São Paulo, Brasil, and it was a micronized graphite with a lateral size of about 10 µm; (iii) Graphexel grade 2369 was provided by Graphexel Ltd., Essex, UK, and it was a natural crystalline graphite with a lateral size of about 180 µm. The nomenclature adopted in this work was GnPC, Micrograf, and Graphexel, respectively. Waterborne polyurethane, grade ICO-THANE 10, was provided from I-Coats NV, Berchem, Belgium. The pyrene derivative (Py) was synthetized according to previous work described elsewhere [40] .
Preparation and Characterization of the Few-Layer/Waterborne Polyurethane (WPU) Composite Films
Water suspensions of FLG obtained from GnPC, Micrograf, and Graphexel were prepared as described in [40] . GnPC, Micrograf, and Graphexel were added to the pyrene derivative (Py) aqueous solution (0.05 mM), and the exfoliation of the starting graphite materials was carried out using sonication. The dispersions were then centrifuged to remove large agglomerates, and the supernatant was collected resulting in stable aqueous suspensions of few-layer graphene. The FLG suspensions were analyzed by UV-visible spectroscopy. The aqueous suspensions were mixed with WPU (0.025, 0.05, 0.1, and 0.5 wt.% of FLG in WPU) using an Ultrasonic processor UP100H from Hielscher (Teltow, Germany), equipped with a sonotrode MS7D, for 1 h. The mixtures were then cast onto a polypropylene plate mold and dried under ambient conditions for 48 h. FLG/WPU composites with increasing FLG content (from 0.1 to 10.0 wt.%) were prepared by spraying the suspensions onto a heated polypropylene plate (60 • C) used as a substrate. All the dried films (typically about 50 µm thick) were cured at 80 • C for 6 h. The as-received graphite-based materials/WPU composite films were also prepared for comparison.
The mechanical property measurements were performed using a universal tensile testing machine, Instron 4505 (Norwood, MA, USA), at a crosshead speed of 25 mm/min according to ASTM D 882. The results reported were the average of 10 specimen tests. Thermogravimetric analyses were performed on a Modulated TGA Q500 from TA Instruments, New Castle, DE, USA. The samples were heated at 10 • C/min under a constant flow of N 2 . The Raman spectra were acquired on a Horiba Labram HR Evolution confocal microscope (Horiba Jobin Yvon, Palaiseau, France), equipped with a motorized x-y stage, using an excitation laser with 532 nm and a 100× objective lens. The Raman maps were obtained from a 30 × 35 point array with a step size of 1.0 µm. All data were analyzed using the LabSpec 6 software (HORIBA, Jobin Yvon, Palaiseau, France). Volume resistivity measurements were carried out on a picoamperometer Kethley 6487 (A Tektronix Company, Cleveland, OH, USA) with Kethley electrodes 8009. Three samples were prepared for each composition, and at least three measurements were acquired for each sample. Each acquired current value (for each applied voltage) was the result of an average of 100 measured values. The water vapor transmission (WVT) tests were performed using the desiccant method according to the standard of ASTM E96-66. Scanning electron microscopy (SEM) and scanning transmission electron microscopy (STEM) of the nanomaterials and of the cryo-fractured composite cross sections were performed on a NanoSEM FEI Nova 200 microscope (FEI Europe Company, Hillsboro, OR, USA) operating at 5 kV (SEM) or 15 kV (STEM). The composite cross-sections were previously coated with a 10 nm platinum layer.
Results
Reinforcing Materials-Graphite and Few-Layer Graphene
The produced FLG and its starting materials were characterized by SEM and STEM as well as UV-visible and Raman spectroscopies. Figure 1a -c shows the SEM images of the GnPC, Micrograf, and Graphexel starting materials, respectively, demonstrating their morphological differences in lateral size and thickness. Thermogravimetric analysis of the as-received GnPC (Figure 1d ) showed a weight loss of about 7.5% at 800 • C, corresponding to the thermal degradation of its oxygen-containing groups. Micrograf and Graphexel presented higher thermal stabilities compared to GnPC, showing a weight loss at 800 • C of 0.7% and 1.7%, respectively. The composite cross-sections were previously coated with a 10 nm platinum layer.
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Nanocomposite Films-Low Composition Range
The GnPC, Micrograf, and Graphexel FLG suspensions were mixed with waterborne polyurethane. Films of FLG/WPU at low loading levels, from 0.025 wt.% to 0.5 wt.%, were prepared by solvent casting. WPU composite films with as-received graphite materials were produced for comparison. The mechanical properties of all WPU composite films were evaluated, and the results were depicted in Figure 4 . In general, the composite mechanical properties were enhanced with the incorporation of the pristine graphitic materials as well as with the FLG (obtained from GnPC, Micrograf, and Graphexel). Furthermore, the FLG composite films presented enhanced mechanical properties compared to the pristine graphite composite films. At these low FLG contents, dispersion into the WPU matrix was enhanced and facilitated by the non-covalent functionalization with Py. The poor interaction of the pristine graphite materials with water and WPU may be responsible for the formation of agglomerates, with a negative influence upon the composite mechanical properties [49] . The ultimate elongation tended to decrease for the WPU composites compared to the WPU films, and this effect was more pronounced for the FLG composites. This indicated that the functionalized FLG may act as functional cross-linkers and constrain the motion of the segments because of the stronger interaction with WPU. 
The GnPC, Micrograf, and Graphexel FLG suspensions were mixed with waterborne polyurethane. Films of FLG/WPU at low loading levels, from 0.025 wt.% to 0.5 wt.%, were prepared by solvent casting. WPU composite films with as-received graphite materials were produced for comparison. The mechanical properties of all WPU composite films were evaluated, and the results were depicted in Figure 4 . In general, the composite mechanical properties were enhanced with the incorporation of the pristine graphitic materials as well as with the FLG (obtained from GnPC, Micrograf, and Graphexel). Furthermore, the FLG composite films presented enhanced mechanical properties compared to the pristine graphite composite films. At these low FLG contents, dispersion into the WPU matrix was enhanced and facilitated by the non-covalent functionalization with Py. The poor interaction of the pristine graphite materials with water and WPU may be responsible for the formation of agglomerates, with a negative influence upon the composite mechanical properties [49] . The ultimate elongation tended to decrease for the WPU composites compared to the WPU films, and this effect was more pronounced for the FLG composites. This indicated that the functionalized FLG may act as functional cross-linkers and constrain the motion of the segments because of the stronger interaction with WPU. To facilitate the comparison, the IG/I1450 were normalized into the range of (0, 5) in the color-coded Raman mapping. The maps depicted lower intensity variations for the FLG/WPU composites compared to the corresponding pristine materials/WPU composites. FLG, formed by thinner flakes that were non-covalently functionalized to increase compatibility with the polymer, was uniformly distributed in the WPU matrix. The filler dispersion can be quantified by calculating the standard deviation for the IG/I1450 data set of the Raman mapping, as reported before [50] . Higher standard deviation values corresponded to a larger variation on the IG/I1450, representing a less homogeneous dispersion. In the present work the standard deviation values of the IG/I1450 for the GnPC/WPU and FLG GnPC/WPU composites were 1.4 and 0.7, respectively, and for Micrograf/WPU, FLG Micrograf/WPU, Graphexel/WPU, and FLG Graphexel/WPU composites the standard deviation values were 8.9, 2.0, 11.3, and 7.8., respectively. It is therefore clear that: i) better dispersion was achieved for the FLG WPU composites, probably because of their smaller sheet thickness and better compatibility with the WPU matrix; ii) as the particle lateral size increased from GnPC to Micrograf and to Graphexel, the dispersion appeared less homogeneous, possibly as a result of the formation of larger agglomerates in the WPU matrix. Despite the lower dispersion state of the pristine graphite materials, there was still a positive effect in the mechanical properties when compared to the neat WPU, as depicted in Figure 4 . To facilitate the comparison, the I G /I 1450 were normalized into the range of (0, 5) in the color-coded Raman mapping. The maps depicted lower intensity variations for the FLG/WPU composites compared to the corresponding pristine materials/WPU composites. FLG, formed by thinner flakes that were non-covalently functionalized to increase compatibility with the polymer, was uniformly distributed in the WPU matrix. The filler dispersion can be quantified by calculating the standard deviation for the I G /I 1450 data set of the Raman mapping, as reported before [50] . Higher standard deviation values corresponded to a larger variation on the I G /I 1450 , representing a less homogeneous dispersion. In the present work the standard deviation values of the I G /I 1450 for the GnPC/WPU and FLG GnPC/WPU composites were 1.4 and 0.7, respectively, and for Micrograf/WPU, FLG Micrograf/WPU, Graphexel/WPU, and FLG Graphexel/WPU composites the standard deviation values were 8.9, 2.0, 11.3, and 7.8., respectively. It is therefore clear that: (i) better dispersion was achieved for the FLG WPU composites, probably because of their smaller sheet thickness and better compatibility with the WPU matrix; (ii) as the particle lateral size increased from GnPC to Micrograf and to Graphexel, the dispersion appeared less homogeneous, possibly as a result of the formation of larger agglomerates in the WPU matrix. Despite the lower dispersion state of the pristine graphite materials, there was still a positive effect in the mechanical properties when compared to the neat WPU, as depicted in Figure 4 . The coefficient of moisture permeability (P(H2O)) of the composite films of as-received graphite and FLG was calculated according to the specifications of ASTM E96. The results obtained for P(H2O) of WPU and WPU composite films at 0.5 wt.% loading are presented in Figure 7a . It was observed that the incorporation of the graphite materials (pristine and FLG) reduced the value of P(H2O). For the films containing GnPC and FLG GnPC no significant difference was observed, both films induced a decrease of 19% for P(H2O) relative to the WPU films. A decrease of approximately 10% in permeability was observed for films with Micrograf and Graphexel, however for FLG Micrograf and FLG Graphexel the decrease in permeability relative to WPU films was further enhanced to 28% and 39%, respectively, showing the effectiveness of FLG as a barrier to moisture. The higher performance of FLG Graphexel may be attributed to its larger flake lateral size. In fact it was reported that large lateral size particles as well as large aspect ratios enhanced the barrier properties even for randomly orientated fillers into the matrix [51, 52] . Furthermore, the FLG/WPU composite films prepared in this work presented a higher barrier performance compared to other results reported in the literature. Yousefi et al. reported a decrease in P(H2O) of 25% relative to WPU for GO/WPU 0.5wt.% composite [21] , and a decrease of 28% for highly oriented reduced GO/polyurethane composites [22] , while Wang et al. found a decrease of 6% in P(H2O) for MoS2/WPU 0.5wt.% composite [53] .
The electrical properties of the composite films were evaluated. The results are presented in Figure 7b . The coefficient of moisture permeability (P(H 2 O)) of the composite films of as-received graphite and FLG was calculated according to the specifications of ASTM E96. The results obtained for P(H 2 O) of WPU and WPU composite films at 0.5 wt.% loading are presented in Figure 7a . It was observed that the incorporation of the graphite materials (pristine and FLG) reduced the value of P(H 2 O). For the films containing GnPC and FLG GnPC no significant difference was observed, both films induced a decrease of 19% for P(H 2 O) relative to the WPU films. A decrease of approximately 10% in permeability was observed for films with Micrograf and Graphexel, however for FLG Micrograf and FLG Graphexel the decrease in permeability relative to WPU films was further enhanced to 28% and 39%, respectively, showing the effectiveness of FLG as a barrier to moisture. The higher performance of FLG Graphexel may be attributed to its larger flake lateral size. In fact it was reported that large lateral size particles as well as large aspect ratios enhanced the barrier properties even for randomly orientated fillers into the matrix [51, 52] . Furthermore, the FLG/WPU composite films prepared in this work presented a higher barrier performance compared to other results reported in the literature. Yousefi et al. reported a decrease in P(H 2 O) of 25% relative to WPU for GO/WPU 0.5wt.% composite [21] , and a decrease of 28% for highly oriented reduced GO/polyurethane composites [22] , while Wang et al. found a decrease of 6% in P(H 2 O) for MoS 2 /WPU 0.5wt.% composite [53] .
The electrical properties of the composite films were evaluated. The results are presented in Figure 7b . The electrical resistivity of the GnPC and Micrograf composite films were similar for the pristine graphite and FLG, showing a decrease of about two orders of magnitude when compared with neat WPU. Pristine Graphexel/WPU decreased by nearly one order of magnitude; however, for FLG Graphexel/WPU composite films, the electrical resistivity decreased by three orders of magnitude relative to WPU films. Although all composite films were electrically insulating, there was a neat electrical resistivity decrease with the incorporation of all the graphite derivatives. Moreover, it was remarkable that even at a low graphite content the electrical properties of the films decreased, although the percolation threshold for graphene/WPU composites was typically well above 1.0 wt.%.
Nanocomposite Films-High Composition Range
WPU composite films filled with as-received Micrograf and FLG Micrograf at high loading levels, from 0.1 to 10.0 wt.%, were prepared by spray coating. The mechanical properties of all composite films are presented in Figure 8a -d. The FLG/WPU films were observed to present higher mechanical performances than pristine Micrograf/WPU films, in agreement with the results obtained for the solvent cast films with low graphite or FLG compositions. The Young's modulus (Figure 8a ) increased up to 40% at 4.0 wt.% loading for pristine Micrograf/WPU films, while for FLG Micrograf/ WPU films it increased up to 85% at 8 wt.% loading, stabilizing at higher loading levels. Similarly, the yield and tensile strengths (Figure 8c The electrical resistivity of the GnPC and Micrograf composite films were similar for the pristine graphite and FLG, showing a decrease of about two orders of magnitude when compared with neat WPU. Pristine Graphexel/WPU decreased by nearly one order of magnitude; however, for FLG Graphexel/WPU composite films, the electrical resistivity decreased by three orders of magnitude relative to WPU films. Although all composite films were electrically insulating, there was a neat electrical resistivity decrease with the incorporation of all the graphite derivatives. Moreover, it was remarkable that even at a low graphite content the electrical properties of the films decreased, although the percolation threshold for graphene/WPU composites was typically well above 1.0 wt.%. The moisture permeability for the pristine and FLG Micrograf WPU films with 0.5, 2.0, and 5.0 wt.% loadings is presented in Figure 9b . The incorporation of both pristine and FLG Micrograf in WPU led to a decrease in the moisture permeability with increasing loading, with higher performance of the FLG /WPU films, reaching a decrease in P(H2O) of up to 63% at 5 wt.% FLG. Higher barrier to moisture was achieved for the spray-coated versus cast films, at least for 0.5 wt.% Micrograf and FLG Micrograf/WPU films. Micrograf and FLG/WPU films reached 1.4 × 10 −14 and 1.1 × 10 −14 g·mm·mm −2 ·s −1 ·Pa −1 , respectively, for cast films, and decreased to 0.9 × 10 −14 and 0.78 × 10 −14 g·mm·mm −2 ·s −1 ·Pa −1 , respectively, for the spray-coated films. This considerable enhancement may be due to orientation effects induced by the spray deposition process. The orientation was confirmed by SEM (Figure 9c,d) showing that the pristine and FLG Micrograf were generally aligned parallel to the top surface of the nanocomposite films. The moisture permeability for the pristine and FLG Micrograf WPU films with 0.5, 2.0, and 5.0 wt.% loadings is presented in Figure 9b . The incorporation of both pristine and FLG Micrograf in WPU led to a decrease in the moisture permeability with increasing loading, with higher performance of the FLG /WPU films, reaching a decrease in P(H 2 O) of up to 63% at 5 wt.% FLG. Higher barrier to moisture was achieved for the spray-coated versus cast films, at least for 0.5 wt.% Micrograf and FLG Micrograf/WPU films. Micrograf and FLG/WPU films reached 1.4 × 10 −14 and 1.1 × 10 −14 g·mm·mm −2 ·s −1 ·Pa −1 , respectively, for cast films, and decreased to 0.9 × 10 −14 and 0.78 × 10 −14 g·mm·mm −2 ·s −1 ·Pa −1 , respectively, for the spray-coated films. This considerable enhancement may be due to orientation effects induced by the spray deposition process. The orientation was confirmed by SEM (Figure 9c,d) showing that the pristine and FLG Micrograf were generally aligned parallel to the top surface of the nanocomposite films. 
Conclusions
Three graphite-based materials with different crystallinity and purity grades were exfoliated in aqueous solution of an amphiphilic pyrene derivative, forming few-layer graphene. The FLG formation was confirmed by Raman and UV-visible spectroscopies and imaged by STEM. The composite films produced with FLG/WPU exhibited high mechanical performance showing an increase of Young's modulus up to 85% at 8 wt.% FLG loading. The moisture barrier properties were enhanced by the incorporation of FLG, the larger flake size graphite resulting in higher barrier performance. The FLG/WPU films produced by spray coating showed higher moisture barrier properties compared to the solvent cast films, possibly due to orientation effects induced by the deposition process, reaching a decrease in moisture permeability of 63% at 5 wt.% FLG loading. Electrical percolation was reached in the range of 3.0 to 4.0 wt.% FLG, increasing by at least 1 wt.% for composite films with pristine graphite. 
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